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ABSTRACT

Luitjohan, Kara Eileen. M.S.M.S.E., Purdue University, May 2015. The Effects of an
Electric Field on the Sintering of Ceramics. Major Professor: Lia Stanciu.

Sintering is a method used to condense a solid powder material into a single solid mass
allowing for the production of metal or ceramic parts. Different sintering techniques
involve the manipulation of different processing variables. To fully exploit the
processing variables, how they affect the sintering process must be fully understood.
One such processing variable is an applied electric field, utilized in spark plasma
sintering and flash sintering. Both techniques allow for densification to occur at lower
temperatures and in shorter times when compared to other sintering techniques.
Though various theories exist in literature for how the electric field affects the sintering
process, not one has been universally agreed upon. In this work, the sintering of zinc
oxide was characterized to determine its response to an electric field. Samples were
sintered in a modified tube furnace under various strengths of an applied electric field
ranging up to 112 V/cm. After sintering, densities and grain sizes were analyzed. For
applied fields up to 112 V/cm, there was no change in the final density or final grain size
with respect to the strength of the applied field. It can be concluded that while the field
does not affect the final density and final grain size, it does affect when the material
reaches those values during the sintering process. With increasing field strengths, less
time and lower temperatures are required to reach final density and final grain size.
Before the advantages of spark plasma sintering or flash sintering can be applied at the
industrial level, more work is still needed to determine the specific effects of an electric
field on the sintering of ceramic materials.
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CHAPTER 1.

INTRODUCTION AND BACKGROUND

1.1

Introduction

Sintering is a process where a solid powder material is coalesced into a single solid mass
through the application of heat. In polycrystalline materials, sintering occurs through
mass transport that leads to neck growth and bonding between powder particles. There
are six main transport paths divided into densifying and non-densifying mechanisms.
With densifying mechanisms, material is removed from the grain boundary or from
dislocations and transported to the neck, leading to shrinkage. These mechanisms
include grain boundary diffusion, lattice diffusion from the grain boundary to the neck,
and plastic flow, which is more common with metal powders1. With non-densifying
mechanisms, material is removed from the surface of the powder particles and
transported to the sintering neck. These mechanisms include surface diffusion, lattice
diffusion from the particle surface to the neck, and vapor transport 1. Different
processing variables allow manipulation of the transport paths leading to a wide variety
of sintering techniques with unique advantages. These processing variables can include
the heating schedule, an application of external pressure, or the application of an
electric field. It is important to understand how each processing variable influences the
final microstructure, final density, and final composition in order to design the ideal
processing conditions for a specific part.

Spark plasma sintering (SPS) and flash sintering are two sintering techniques that utilize
an applied electric field. SPS allows for the densification of various ceramics, metals, and
composites at lower temperatures and in shorter times than is possible with many other
types of sintering, such as hot pressing and pressure-less sintering2. Flash sintering takes
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SPS one step further, allowing for densification to take place in a matter of seconds. The
shorter times and lower temperatures lower the amount of energy consumed, therefore
lowering the cost for a potential manufacturer. However, manufacturing parts on a
commercial scale using SPS or flash sintering is not yet possible because it is unknown
how precisely the electric field influences the final density, the final microstructure, and
the final composition.
1.2

Spark Plasma Sintering

Spark plasma sintering (SPS) is a process in which powders are sintered under both an
applied pressure and an applied electric field. SPS has been referred to under multiple
names, such as pulsed electric current sintering (PECS) and field assisted sintering
technique (FAST), due to the controversy surrounding the formation of plasma, which
will be explained in a later section. SPS will be used throughout this document since it is
the most common name found in literature.

Figure 1 shows a schematic of a typical SPS apparatus consisting of a die and punches,
typically made of graphite, located in a vacuum chamber. Similar to traditional hot
pressing (HP), a uniaxial pressure can be applied to the powder sample. The main
difference between SPS and HP is how the powder is heated. In HP, the powder is
heated by radiation and convection from external heating elements. In SPS, the powder
is heated by Joule heating from a pulsed DC current. Joule heating is the increase in
temperature seen from the dissipation of electrical energy.

12

Figure 1. Schematic of a typical SPS apparatus. Adapted from 3.

The current originates from low voltages, typically less than 10 V, supplied by a DC
power supply. Due to the electrical conductivity of the graphite press, the low voltages
produce high currents , typically 1-10 kA. The low voltages are applied in a pulse pattern,
a given number of pulses on followed by a given number of pulses off. As an example, a
12:2 pulse pattern would be 12 pulses on followed by 2 pulses off. While the pulse
patterns vary, the typical pulse duration is on the order of a few milliseconds. This
heating method allows for much higher heating rates than are possible with HP.
SPS requires lower sintering temperatures and shorter soak times compared to HP2.
These advantages are the result of three main processing variables involved in SPS
including the mechanical effects from the applied pressure, the thermal effects from the
high heating rates, and the electrical effects from the applied electric field.

1.2.1 Mechanical and Thermal Effects
The mechanical effects from the uniaxial applied pressure are similar to those seen in
HP. Applied pressure enhances densification while reducing grain growth1. The
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compressive stress from the applied pressure results in more contact between the
powder particles. This causes an enhancement of free sintering densification
mechanisms such as grain boundary diffusion and lattice diffusion, while potentially
triggering other densification mechanisms such as grain boundary sliding or plastic
deformation4.

The thermal effects from the high heating rates are similar to the effects seen from an
applied pressure. High heating rates can enhance densification while reducing grain
growth1,4. However, the advantages are only seen if the activation energy for the
coarsening mechanism is less than the activation energy for the densification
mechanism. If that criteria is met, high heating rates will increase the rate of
densification and limit the rate of coarsening leading to enhanced densification with
reduced grain growth1,4.

1.2.2 Electrical Effects
In SPS, the powder is heated by Joule heating from an applied current, meaning that the
high heating rates are a result of the applied electric field. Therefore, the thermal and
electrical effects are very difficult to separate. However, the majority of the literature
claims that an electric field enhances densification while limiting grain growth, similar to
the effects from the high heating rates and the applied pressure. The problem arises
when trying to determine how those effects occur with respect to the electric field.
Initially, Tokita proposed that electric sparks between the powder particles in the
porous green body formed plasma2. The plasma would cause localized increases in
temperature leading to melting, vaporization, and sputtering, and finally resulting in
rapid neck formation. Since this idea was proposed, there have been many conflicting
experimental results with the majority showing that there is no evidence for plasma
formation5, 6, 7. Also, as was mentioned before, the applied DC voltage is pulsed. While
the pulse patterns can vary, it has been seen that the patterns have no effect on the
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sintering process or the final sintered product8,9. The main effects from an applied
electric field that have since been considered are Joule heating, electromigration,
defects, and grain growth.

1.2.2.1 Joule Heating
Joule heating is the increase in temperature from the dissipation of electrical energy.
The presence of Joule heating can be seen when the current-voltage (I-V) curve deviates
from linear, Ohmic behavior10. In 3 mol% yttria stabilized zirconia (3YSZ), black body
radiation calculations were used to estimate that Joule heating would cause a rise of 1.3
to 3.0 Kelvin in the temperatures of disk-shaped specimens with furnace temperatures
ranging from 700°C to 1000°C10,11. In dog-bone shaped specimens of 3YSZ, the
estimated temperature rise in the specimen due to Joule heating was 130°C in a furnace
at 1300°C10,12. The estimates of Joule heating from both of these experiments are under
the assumption that the powder samples heat uniformly. This assumption most likely
does not hold for powder compacts and polycrystalline samples 10. In porous samples,
during the early stages of sintering, the contacts between neighboring particles have
higher local resistance which can lead to higher localized temperatures. In dense
samples, during the later stages of sintering, the grain boundaries may have higher local
resistance values which, again, will lead to local heating. Since grain boundary diffusion
plays a major role in sintering, the possibility for localized heating at the grain
boundaries will be discussed in more detail in a later section. It was concluded that
while Joule heating may not affect the sample as a whole, Joule heating could cause
localized hot spots that would affect the sintering process.

Also, in the early stages of sintering, the current cannot flow homogeneously through
the porous green body. This leads to a complicated network of percolating paths
through which the current is able to flow. Joule heating is thought to occur along those
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paths leading to fluctuating hot spots with high local current densities 4. This results in
faster densification and various mechanisms of microstructure formation in the hot
sports. The percolation patterns have been seen in the microstructure of spark plasma
sintered silicon as shown in Figure 213.

Figure 2. Scanning electron microscopy (SEM) image from backscattered electrons
showing percolation patterns that were burned into the microstructure of silicon after
SPS. In the image, denser regions appear brighter. Adapted from 13.

1.2.2.2 Electromigration and Electrotransport
Electromigration occurs as electrons interact with the lattice atoms causing them to
diffuse through the sample resulting in the local depletion or accumulation of material4,
14

. Microstructure and temperature play a large role in the effects seen form

electromigration14. In a perfectly homogeneous material, the effects of electromigration
would only be seen at the two electrodes where material would be removed at one and
deposited at the other. The changes to the flow of current caused by any sort of
abnormality in the microstructure, such as pores and grain boundaries, would provide
sites for electromigration to deplete or accumulate material. Also, since
electromigration results in a diffusion process, an increase in temperature would
obviously increase the effects.

In electromigration, the direction the current is flowing should create a preferred
direction for the diffusion of lattice atoms. This allows for a seemingly simple reactivity
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study to determine whether or not electromigration plays a role during SPS. Two
materials can be placed next to each other in an ABA pattern and sintered with and
without an applied electric field. The new product layer that forms at both interfaces
can then be measured. It was observed that the electric field did enhance the growth
rate and incubation time of new product layer formation, but the direction of the
current did not cause any effects. Since direction of the current flow did not induce a
change, it was assumed that electromigration was not an effect of the applied electric
field8, 15ʹ17. However, Zhao et al. saw that the direction of the current played a major
role in the nickel-copper system where no chemical reaction occurred, reopening the
electromigration discussion18. Munir et al. concluded that when a reaction occurs, the
process rate limitation comes from the kinetics of phase formation, such as the need to
keep the stoichiometry and structure of the product phase. When no new product is
formed, the process is limited by the diffusion of the specific elements to the interface,
meaning that electromigration could influence mass transport during sintering3.
However, both Guillon et al.4 and Anselmi-Tamburini et al.14 agree that electromigration
probably does not play a large role in SPS. Even a highly conductive powder sample will
see only a small amount of current passing through it due to the die geometry and the
intrinsic electrical properties of the powder sample. Electromigration not only requires a
larger current flow than seen in SPS, but also requires a longer amount of time 4. There is
also a lack of clear experimental results describing how electromigration actually works
in the SPS process14.

Another process similar to electromigration is electrotransport where an applied electric
field causes the enhancement of movement of ionic lattice atoms. Electrotransport has
not been looked at as a factor in SPS, but Anselmi-Tamburini et al. believes it could play
a role in the sintering process14. Whether or not an ionic flux will develop within a
material is related to both the intrinsic electronic properties of the material and the
type of electrodes that are supplying the external field. With a porous polycrystalline
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green body, an electric field could break down the porous material at one electrode and
rebuild the material in its fully dense form at the other electrode. This break down and
build up of material could also occur at any abnormalities in the microstructure. In order
for this material transfer to take place, the electrodes must pass ionic currents, and the
same redox reaction must occur at both electrodes in opposite directions. AnselmiTamburini et al. concludes that if the right conditions are met and the right materials are
used, electrotransport could play a role in SPS14.

1.2.2.3 Defects
When the electromigration theory did not seem to fit for SPS, how the applied electric
field affected the concentration and mobility of defects was investigated. Point defects
such as vacancies and interstitials affect the rate of self diffusion, which plays a role in
densification. It is believed that applied fields can increase the concentration of these
defects3,

9, 10

. Asoka-Kumar et al. demonstrated that there was an increase in the

concentration of vacancies when a large current density was applied to a copperaluminum (Cu-Al) alloy19. In SPS, much lower current densities are applied than
compared to densities used in the Cu-Al study. However, it is expected that the local
current density will be much higher at the particle contacts during the initial stages of
sintering14. Garay et al. investigated defects under an applied field in nickel-titanium
intermetallics20. They saw a reduction in the defect migration activation energy.
Eventually, it was proposed that the electric field produces Frenkel defects 10,21. Frenkel
defects are a vacancy and interstitial that form when a lattice atom moves to an
interstitial site. The vacancy and interstitial would be stripped of their charges by the
applied field and would then travel to grain boundaries and pores, respectively. The
fields needed for this to occur were once again much higher than what was used in SPS.
However, the formation of Frenkel defects will come to play a major role in the flash
sintering process which will be discussed in a later section.
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1.2.2.4 Grain Growth
In various experiments with various materials, it has been shown that an applied electric
field leads to a reduction in grain growth with a smaller final grain size as the strength of
the applied field increased10. The rate of grain growth is the product of the driving force
for grain growth and the grain boundary mobility. The driving force is proportional to
the energy of the grain boundary while the grain boundary mobility depends on the
kinetics at the interface. Yang and Conrad narrowed down the cause of grain growth
reduction to either a reduction in the product itself, an increase in the activation energy
for grain boundary mobility, or a combination of both22. It was assumed that the
activation energy would not be altered, and Yang and Conrad eventually proved this
assumption to hold true23. The focus has since been on whether the electric field has an
effect on the driving force, the grain boundary mobility, or both the driving force and
mobility.

One cause of the reduction in grain growth comes from the influence of the space
charge. Yang and Conrad initially believed the reduction in growth was due to a
reduction in grain boundary energy, since grain boundary energy is an important factor
in the driving force of grain growth22. In 2010, Yang and Conrad introduced the idea that
the decrease in grain boundary energy was due to the applied field's influence on the
space charge24. The space charge is a layer that can form adjacent to a grain boundary
as a result of a segregation of charged defects to the grain boundaries. In ionic materials,
the space charge forms to counterbalance the presence of excess ions of one sign at the
boundary25. Yang and Conrad based their reasoning off of work done by Hwang and
Chen23,26. Hwang and Chen investigated the influence of solutes on rate of grain growth
without an applied field. They found that the relative valence of the solutes with respect
to the host played a large role in the rate of grain growth of 3YSZ. If the solutes had a
larger valence than the host, grain growth was enhanced. If the solutes had a smaller
valence than the host, grain growth was reduced. From these results, Hwang and Chen
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concluded that the main factor of grain growth rate was the space charge 26. However,
Ghosh et al. argued that while an applied field could change the configuration of the
space charge layer, the intrinsic fields within that layer would be much larger than the
applied fields, making the applied fields insignificant27.

Another of the suggested causes of the reduction in grain growth was a thermodynamic
argument from Ghosh et al27. It was mentioned previously that the higher local
resistance of the grain boundaries would lead to higher local temperatures at the grain
boundaries due to Joule heating. This stems from the concept of thermal resistance at
interfaces. In a typical temperature gradient, there will be a larger temperature drop
than expected across an interface. Along those same lines, when exposed to a flow of
current, it is expected that there will be a voltage step across a grain boundary leading
to higher local temperatures10. This increase in temperature should lead to enhanced
grain boundary diffusion resulting in faster grain growth. Ghosh et al. explains why this
is may not be the case27. Since interfacial energy is a Gibbs free energy affected by the
enthalpy and entropy of the system, a local maximum in temperature at the grain
boundary will lead to a local minimum of interfacial energy at the grain boundary. This
effectively pins the grain boundary. However, this only works at low applied fields such
as those utilized in SPS. As the applied field increases, the enhanced diffusion will
eventually overtake the decrease in interfacial energy resulting in increased grain
growth10.

Related to the space charge argument is the effect of applied field on the grain
boundary mobility. This has been investigated for alumina, and it was seen that an
applied field increases the motion of the boundaries 25, 28. The interaction of an applied
field with the grain boundary is hypothesized to come from the interaction of the
applied field with the space charge. However, as can be seen in the Figure 3 below,
there is a threshold value of bias voltage that needs to be met before the field will have
a positive effect on the boundary motion. For alumina, Jeong et al. found that threshold
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value to be -2.15 mV per grain boundary25. This corresponds to an applied voltage of
several hundreds or thousands of volts14. These voltages are typically not seen in SPS, so
the exact role that the field has on grain boundary motion has yet to be determined.

Figure 3. How the driving force for grain boundary mobility changes as the bias voltage
is increased. Adapted from25.

In summary, the four main effects that an applied electric field could have on the
sintering process include Joule heating, electromigration and electrotransport,
concentration and mobility of defects, and grain growth. Joule heating probably does
not affect the whole sintering body, but it does cause localized hot spots that could
affect densification. Electromigration probably does not play a large role, while effects
from electrotransport are only seen under very specific conditions. Also, the applied
fields are not large enough in SPS to see a change in defect concentration or defect
mobility. Finally, the effect of an electric field on the space charge layer needs to be
determined before it can be said exactly how the electric field reduces the grain growth
rate. An applied field could lower the grain boundary energy or influence the grain
boundary mobility. The grain boundary mobility could also be influenced by Joule
heating with the mobility decreasing at lower fields and increasing at higher fields.
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One other possibility is that the applied electric field has no effect on the sintering
process. Langer et al. conducted a series of experiments comparing HP and SPS for
alumina29, 8YSZ30, and zinc oxide31. Recall that the main difference between the two
processes is the application of an electric field during SPS. They saw that if the heating
schedule for both processes were precisely controlled, there was no difference between
HP and SPS in the sintering process. This allowed them to conclude that the low electric
fields used in SPS does not have any effect on the sintering process.

1.3

Flash Sintering

While attempting to isolate the electrical effects in SPS, a new sintering method was
discovered. In 2010, Cologna, Rashkova, and Raj first reported this new phenomena
they called flash sintering32. Flash sintering is the application of an electric field during
pressure-less sintering allowing for densification to take place in a few seconds. Figure 4
shows a typical system used by Raj's group. A dry-pressed sample is suspended by
platinum wires, which serve as the electrodes, in a vertical tube furnace with an external
heating source and CCD camera to measure linear shrinkage.
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Figure 4. Typical schematic of a flash sintering apparatus. Adapted from33.

The sample is heated at a constant rate while an electric field is applied. The flash event
is a rapid rise in the sample conductivity resulting in a large increase in both supplied
power and sample density, as seen in Figure 5(a) . The applied field, initially under
voltage control, will automatically be switched to current control after the spike in
sample conductivity to prevent an electrical runaway event. Once this switch occurs, the
flash event is considered to be complete and the sample will be fully sintered. Fully
sintered refers to when the shrinkage rate approaches zero and does not necessarily
mean fully dense. After the switch to current control, the power dissipated in the
sample declines due to continued fall of the resistance. The temperature of the sample
increases through the power spike towards a quasi-steady state value that is greater
than the temperature of the furnace, shown in Figure 5(b).
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Figure 5. The main changes that occur during the flash event including the sharp spike in
powder density, (a) decrease in linear shrinkage, and (b) the increase in sample
temperature to values above the temperature of the furnace. Adapted from34, 35.

Flash sintering has been observed in many materials including 3 mol% yttria stabilized
zirconia (3YSZ)32, 8 mol% yttria stabilized zirconia (8YSZ)36, yttria33, zinc oxide (ZnO)37,
titania34, strontium titanate38, silicon carbide39, magnesium oxide doped alumina21, and
cobalt manganese oxide (Co2MnO4) spinel40. Each of these materials exhibit two regimes:
a fast sintering regime at lower applied fields where no flash event occurs, and a flash
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sintering regime at higher applied fields where the flash event does occur. Each material
has a threshold value between the two regimes. As an example, 3YSZ sintered in the fast
regime at and below an applied field of 40 V/cm while sintering in the flash regime at
and above an applied field of 60 V/cm32. As temperature is increased, the applied field
threshold value decreases. As the applied field increases, the threshold temperature
decreases. The electrical effects in the fast regime at lower fields are hypothesized to be
the same effects that were discussed in the previous section for SPS32. The electrical
effects in the flash regime are still up for debate.

Initially, the cause of the flash event was believed to be Joule heating, the dissipation of
electrical energy resulting in an increase in temperature10,32. Joule heating could explain
the high heating rates of the sample which then explains the increase in the rate of
densification. If this were true, Joule heating must cause the sample to reach high
enough temperatures where full sintering could occur in a matter of seconds. Utilizing
an Arrhenius extrapolation from conventional sintering, Raj estimated that 3YSZ would
need to reach a temperature of 1900°C to sinter in 3.6 seconds41. Models based on black
body radiation41, numerical simulations42, and experimental measurements using a
pyrometer35 fall below the estimated 1900°C with the highest temperatures reaching
only 1600°C. So, while Joule heating does play a role in flash sintering, it is insufficient to
explain the flash event.

Another mechanism behind the flash event is the formation of Frenkel defects10,21.
Frenkel defects form when a lattice atom moves to an interstitial site creating a pair of
defects, a vacancy and an interstitial. The applied electric field during flash sintering
would strip the pair of defects of their charges creating a neutral vacancy, a neutral
interstitial, and an electron/hole pair. The neutral vacancy would travel to the vacancy
sinks, grain boundaries, while the neutral interstitial would travel to the pores to help
relieve lattice strain. This increase in mass flow helps explain the rapid sintering rates
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seen during the flash event. The electron/hole pair would contribute to the large jump
in conductivity of the sample during the flash event. This idea has been supported by
some experimental evidence21,34. Similar slopes of conductivity plots before and after
the flash event point towards similar mechanisms for charge mobility while the changes
in the axis intercept points can be explained by an increase in defect concentration. Also,
the threshold values for the flash event represents the incubation time needed for the
critical number of defects to build up and initiate the flash event43. Also, the length of
incubation time increases as the intrinsic electrical conductivity of the powder sample
decreases33. As the reported literature stands at this time, the reasoning behind the
flash event is attributed to Joule heating and the formation of Frenkel defects. While the
effects of the electric field that results in the flash event seem clear, the effects of the
electric field on final density and the final grain size are still very cloudy. These effects
are especially difficult to determine because no clear trend for either measurement has
been seen.
Most materials such as 3YSZ32 and yttria33, saw an increase in their final densities as the
strength of the applied field increased. 8YSZ also had an increase in final density as the
applied field increased, but the final densities were very similar for the samples sintered
in the flash regime at various field strengths of 30, 60, and 150 V/cm
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. Strontium

titanate saw the opposite. The final densities decreased as the applied field increased38.
Zinc oxide (ZnO) showed no trend in final density with the maximum final density
occurring at 40 V/cm followed by 160, 20, and 0 V/cm which was approximately equal to
the 80 V/cm sample37.

In the materials that have been flash sintered, a smaller grain size is seen when
compared to conventional sintering. This is expected due to less time being spent at
higher temperatures during flash sintering32. In 3YSZ, the final grain size shows no clear
trend as the electric field increases21,32,33,44. The grain size was seen to increase as the
field increased for 8YSZ until the flash regime, where the final grain sizes were similar
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for various strengths of applied fields44. For Co2MnO4 spinel, the grain size was also
shown to increase as the applied field increased40. Strontium titanate saw a decrease in
grain growth as the field increased38. With yttria, a rapid increase in grain size directly
following the flash event was observed33. A similar trend was seen for ZnO37.
Schmerbauch et al. contributed the large amount of grain growth to Joule heating. Joule
heating leads to an increase in matter transport which will enhance both grain growth
and densification37. They hypothesize that when this large increase in grain growth is
not seen, the specimen temperature was not much higher than the furnace
temperature. As the temperature difference between the two increase, the flash
sintered materials will have a larger grain size37. However, since there has yet to be a
clear relationship established, there is no clear idea about how the electric field affects
the final density and the final grain size during flash sintering.

1.4

Zinc Oxide

Zinc oxide (ZnO) is a n-type II-VI semiconductor with a wide band gap. It can be found in
three different structures. Wurtzite is the thermodynamically stable structure under
ambient conditions. The zinc blende structure can be formed if ZnO is grown on a cubic
structure, and the rock-salt structure can be formed under high pressures31. ZnO has
many different commercial applications ranging from gas sensors to varistors and field
emitters45.

1.4.1 Spark Plasma Sintering
Gao et al. first looked at using SPS to sinter ZnO and achieved a relative density of 98.5%
at 550°C with a grain size of approximately 100 nm46. With conventional sintering of ZnO,
Gupta and Coble saw relative densities of approximately 97% at a much higher
temperature of 1200°C. ZnO was added to the list of materials where SPS allowed for
higher densities to be reached at much lower temperatures. An interesting investigation
of SPS of ZnO came from Langer et al31. They compared HP and SPS using the same
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heating rates, sintering temperatures, and dwell times. Initially, they saw higher
densities in the sintering curve for SPS when compared to HP. Due to technical
limitations in their initial SPS setup, they could not control the heating rate until a
temperature of 450°C was reached. After they modified their setup to control the entire
temperature regime, they saw no difference between the SPS and the HP sintering
curves. They concluded that the initial differences were to blame on a temperature
overshoot at the start of SPS, and densification of ZnO was not enhanced by any effects
from the electric field31.

1.4.2 Flash Sintering
Only one study on the flash sintering of ZnO could be found in the published literature.
Schmerbauch et al. report that flash sintering of ZnO occurred at and above applied
fields of 80 V/cm37. At 20 V/cm, no difference was seen in the sintering curves when
compared to the reference sample. An applied field of 40 V/cm first saw a difference at
approximately 680°C. Flash sintering was seen at applied fields of 80 and 160 V/cm
followed by a slight increase in density during the one hour isothermal hold at 700°C.
The final relative densities did not show a trend with the applied field. Samples sintered
at 40 V/cm had the highest final densities while samples with 80 V/cm applied were only
slightly above the reference sample with the lowest final density. When the applied
fields were less than 80 V/cm, the final grain size remained below 1 μm. When applied
fields were high enough to induce the flash event, the grain size was much larger. Figure
6 shows the large amount of grain growth that occurs during the flash event. Figure 6a
shows the microstructure right before the flash while Figure 6b is right after the flash
event. The grains grow by almost a factor of five. As explained previously, Schmerbauch
et al. attributed this to the increase in matter transport due to Joule heating37.
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Figure 6. SEM images of ZnO sintered with an applied field of 80 V/cm stopped (a) right
before the flash event and (b) right after the flash event. Adapted from37.

The main goal of the research presented here was to help determine what the specific
effects are from the applied electric field, and determine if any changes are seen based
on when that electric field is applied during the sintering process. With a homemade
setup similar to the apparatuses used for flash sintering, nominal pressure was applied
and high heating rates could be achieved while a voltage was applied to a powder
sample. Modified SPS experiments for ZnO were established where the voltage was
applied to the sample after the sintering temperature had been reached, and modified
flash sintering experiments had the voltage applied prior to heating to the sintering
temperature. Variations in powder size and sample thickness were also investigated.
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CHAPTER 2.

2.1

METHODOLOGY

Prior to Sintering

The starting high purity, 99.9%, zinc oxide (ZnO) powders were purchased from Sigma
Aldrich and used without any further modifications. Using a Coulter counter, the size
distribution of the two different powders are shown in Figure 7 and Table 1. Powder
two is seen to have slightly smaller agglomerates than powder one with a mean
agglomerate diameter of Ϭ͘ϯϵϳʅŵĐŽŵƉĂƌĞĚƚŽϬ͘ϰϱϱʅŵ͕ƌĞƐƉĞĐƚŝǀĞůǇ͘

Figure 7. Number distribution of (a) powder one and (b) powder two.
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Table 1. Powder size distribution of the two ZnO powders used in this study.
DĞĂŶ;ʅŵͿ

Standard
ĞǀŝĂƚŝŽŶ;ʅŵͿ

d10 ;ʅŵͿ

d50 ;ʅŵͿ

d90 ;ʅŵͿ

Powder one

0.455

0.737

0.140

0.309

0.804

Powder two

0.397

0.652

0.163

0.285

0.650

X-ray diffraction (XRD) scans from both loose powders and samples sintered from the
same powder from a Bruker D8 Focus X-ray Diffractometer can be seen in Figure 8
below. The loose powder showed a broader peak when compared to the sintered
sample for both powders. Utilizing the Scherrer formula, the calculations determined
that primary particle size was 25.4 ± 5.66 nm and 34.9 ± 1.43 nm for powder one and
powder two, respectively. All error values reported in this document are one standard
deviation of the mean. Powder one had a slightly larger agglomerate size and a slightly
smaller primary particle size when compared to powder two. The Scherrer formula is 0.9
multiplied by the wavelength used in the XRD scans divided by the product of the full
width half max of the peak and the cosine of the Bragg angle47. The wavelength used in
these scans was 1.541 Å.
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Figure 8. XRD scans from loose powder and a sintered sample from the same powder.
Powder one is shown in (a), and powder two is shown in (b).

The powders were dry pressed at approximately 140 MPa using a stainless steel punch
and die. The resulting samples have a diameter of 12.68 ± 0.03 mm with various
thicknesses. When using powder one, deionized (DI) water was added as a binder. It was
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discovered that the purification system for the DI water had not been working after
these experiments had been completed. So, the water used as a binder might not have
been DI water and could have introduced unwanted impurities in these samples. The
green body densities were calculated from mass and volume measurements and
compared to the theoretic density of zinc oxide, 5.61 g/cm 3. Powder one green body
samples had a relative density of 57.34 ± 1.12%. Green body samples from powder two
had a relative density of 50.72 ± 0.87%. The large difference in green body densities
could be attributed to the DI water that was only used with powder one.

2.2

Sintering Process

The homemade furnace used for sintering is shown in Figure 9. An alumina tube furnace
with silicon carbide heating elements was modified to allow an electric field to be
applied to dry pressed samples. Electrodes connect to stainless steel springs which
provide support for graphite rods. The dry pressed powder sample is placed between
the electrodes using a slurry of the sintering material, a graphite slurry, or boron nitride
spray as glue to keep the sample in place. Since graphite electrodes oxidize at elevated
temperatures, sintering was done under an argon atmosphere. The spring system will
apply a small pressure on the samples in order to keep it suspended in the furnace. The
maximum amount of pressure that could be exerted on the samples was approximately
0.16 ± 0.01 MPa, which is far below the 0.5-0.8 MPa range that Schmerbauch et al.
deemed as minimal37. When comparing the samples sintered in the homemade furnace
to samples sintered with no applied pressure in a box furnace, the final density values
were comparable, validating the assumption that the applied pressures were
insignificant.
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Figure 9. Schematic of the modified tube furnace.

The two main limitations that are found in this setup are the temperature limitations
and the absence of linear shrinkage measurements. The maximum temperature the
furnace can safely run at is only 1100°C. Since final relative densities greater than 90%
were desired, the maximum temperature severely limited the materials that could be
used. The other limitation is the lack of measurements that can be made during the
sintering process. With the current setup, measurements can only be made once the
process is stopped and the sample has cooled. Measuring the shrinkage rate throughout
the whole sintering process was not possible.

For the modified SPS experiments with ZnO, ZnO slurry was utilized to glue the samples
to the graphite electrodes. The samples sat at 150°C for twenty minutes to burn out any
water that the samples contained. The furnace was then heated to 900°C at 15°C per
minute. The system sat for another ten minutes to let the temperature stabilize. The DC
voltage was then applied, if necessary, and the sample soaked for 45 minutes. The heat
and applied voltage were switched off at the end of the dwell time, and the system
cooled to room temperature.

The modified flash experiments with ZnO were kept as similar as possible to the
modified SPS experiments to ensure the only change was when the voltage was applied.
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ZnO slurry was used to glue samples to the graphite electrode, and the samples sat at
150°C for twenty minutes. The voltage was then applied, if necessary. The furnace was
heated to 900°C at 15°C per minute and allowed to soak for 55 minutes. The heat and
applied voltage were switched off, and the system cooled to room temperature. All the
reported electric field values were the fields initially applied to the sample since the
magnitude of the field will vary as the experiment proceeds.

2.3

Post-Sintering Characterization

The Archimedes method was used to measure the final density of the sintered samples
and repeated three to five times per sample. This method was checked against final
density measurements from mass and volume measurements and porosity
measurements from images taken with a scanning electron microscope (SEM). When
the three different density measurements were compared, as seen in Figure 10, the
Archimedes method was an acceptable way to measure the final density of the samples.

Figure 10. Various final density measurements from three different samples.

After the density measurements were complete, the samples were cross sectioned using
a diamond saw. The cross sections were polished with 325 and 600 grit silicon carbide

35
followed by 6, 3, and 0.5 ʅŵ ĚŝĂŵŽŶĚ ƉĂƐƚĞ͘ dŚĞ ƐĂŵƉůĞƐ ǁĞƌĞ ƐŽŶŝĐĂƚĞĚ ŝŶ ĞƚŚĂŶŽů
between each step to give the best possible surface finish. After polishing was complete,
the samples were thermally etched at 700°C for thirty minutes in an open air box
furnace. Images were taken with a FEI Philips XL-40 SEM using an operating voltage of
either 10 or 15 kV with a spot size of 3 and a nominal working distance of 10 mm. Ten
images were taken per sample from various locations along the length and width of the
sample. The line intercept method was used to find the final grain size of each sample.
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CHAPTER 3.

RESULTS AND DISCUSSION

The main goal of the research presented here was to help determine the specific effects
an applied electric field has on final density and final grain size during spark plasma
sintering (SPS) and flash sintering.

3.1

Modified Spark Plasma Sintering

The modified SPS experiments for zinc oxide (ZnO) had the voltage applied to the
samples after the sintering temperature of 900°C had been reached. The final measured
relative densities and grain sizes for each applied field using powder one with a sample
thickness of 3.74 ± 0.03 mm are shown in Figure 11. Figure 12 shows an example of the
SEM images taken from two of the samples. Both grain size and relative density show no
change as the strength of the applied field is increased. Based on these results, it can be
concluded that low strength electric fields applied in SPS do not have an effect on the
final grain size or final densities of ZnO. This is in agreement with Langer et al 31. The
benefits of SPS, enhanced densification and reduction of grain growth, must stem from
the application of pressure and the high heating rates or some combination of the
applied pressure, high heating rates, and the electric field.
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Figure 11. The final relative densities (a) and the final grain sizes (b) from the modified
SPS experiments. The green body samples had relative densities of 57.85 ± 0.57%.
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Figure 12. SEM images of two samples from the modified SPS experiments with (a) no
applied voltage and (b) 6.65 V/cm applied.

3.2

Modified Flash Sintering

Modified flash experiments had the voltage applied prior to heating to the sintering
temperature. The grain size and relative densities for powder one with a sample
thickness of 3.92 ± 0.15 mm are shown in Figure 13 with sample SEM images shown in
Figure 14. The relative density slightly decreases from an average measurement of 95.35
± 0.59% to 92.54 ± 1.41% as the applied field increased from 0 V/cm to 2.49 ± 0.02 V/cm,
respectively. However, as the field is increased from 2.49 ± 0.02 V/cm to 4.96 ± 0.11
V/cm, the relative density does not change. In the study done by Schmerbauch et al.,
they did not see a trend in the final densities for any applied field strength 37. The results
presented in Figure 13 are either in agreement that there will be no trend, or shows that
there is an initial decrease in final density. The grain size shows a very slight increase
from an average measurement of 2.06 ± 0.23 μm to 2.50 ± 0.33 μm as the field is
increased from 0 V/cm to 4.96 ± 0.11 V/cm, respectively. With the error taken into
account, it could also be assumed that the grain size does not change as the strength of
the applied field increases. Schmerbauch et al. only saw a large increase in grain size
after the flash event occurred at an applied field of 80 V/cm 37. At the low fields used in
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these modified flash experiments, the flash event is not expected to occur. Therefore,
the large increase in grain size should not be present.

Figure 13. The final relative densities (a) and the final grain sizes (b) from the modified
flash sintering experiments using powder one with a sample thickness of 3.92 ± 0.15
mm. The green body samples had relative densities of 56.95 ± 1.39%.
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Figure 14. SEM images of two samples from the modified flash experiments with (a) no
applied voltage and (b) 4.88 V/cm applied.

At the low applied fields, similar electrical effects should be seen when compared to the
modified SPS experiment, and the trends in final density and grain size should be similar.
It can be seen in Figure 15 that the trends are slightly different. The modified SPS
experiments did not see the initial decrease in relative density or the slight increase in
grain size, as was seen in the modified flash experiments. The only difference between
these two sets of experiments is when the field was applied during the sintering process.
Either there is a difference in the trends due to the amount of time the electric field is
applied, or the initial decrease is not an indication of a trend. To gain more insight and
to see if the initial density decrease was reproducible, more modified flash experiments
were conducted by varying the powder size and the sample thickness.

41

Figure 15. Comparing the average relative densities and average grain size for the
modified flash and the modified SPS experiments.

The next set of modified flash experiments used a sample thickness of 3.94 ± 0.02 mm
with powder two. The final relative densities and final grain sizes are shown in Figure 16.
The final density did not change with increasing field strength. The final grain size did
not change or very slightly increased from an average of 2.17 ± 0.23 μm to 2.35 ± 0.31
μm with an applied field of 0 V/cm and 5.08 ± 0.03 V/cm, respectively. Once again, recall
that at low fields flash sintering is hypothesized to behave similar to SPS, so no trends
were expected to be seen.

42

Figure 16. The final relative densities (a) and the final grain sizes (b) from the modified
flash sintering experiments using powder two with a sample thickness of 3.94 ± 0.02
mm. The green body samples had relative densities of 50.85 ± 0.91%.

The two flash sintering experiments with varying starting powder size were compared,
as seen in Figure 17. Powder one had a slightly larger agglomerate size and a slightly
smaller primary particle size when compared to powder two. The initial decrease in
relative density seen with powder one is not seen with power two. For both powders,
the grain size very slightly increased or stayed the same as field strength was increased,
as shown in Figure 18. Francis et al. showed that a smaller starting powder size will have
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higher final densities and begin sintering sooner than a larger starting powder size 48.
However, the trends in density and grain size as the field strength increases are not
expected to change with different powder size. The initial decrease in relative density
still can only be explained as there is no trend seen in final density.

Figure 17. Comparing the average relative densities and average grain size for the
modified flash experiments using two different powders sizes.
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Figure 18. SEM images comparing the final grain sizes using two different starting
powder sizes. Powder one is shown in (a) and (b) while powder two is shown in (c) and
(d). Both (a) and (c) had no applied voltage while (b) and (d) had an applied field of
approximately 5 V/cm.

The final set of modified flash sintering experiments utilized powder two, but decreased
the sample thickness to 2.88 ± 0.06 mm. The final relative densities and final grain size
are shown below in Figure 19. Both the relative density and the final grain sizes saw no
change as the applied electric field increased. Again, this trend was expected if it is true
that low strength electric fields do not have an effect on the final density and final grain
size values.
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Figure 19. The final relative densities (a) and the final grain sizes (b) from the modified
flash sintering experiments using powder two with a sample thickness of 2.88 ± 0.06
mm. The green body samples had relative densities of 50.63 ± 0.86%.

The two different sample thicknesses are compared in Figure 20 and Figure 21. Both
showed no change in relative density and a slight increase or no change in final grain
size. Two out of three modified flash experiments showed that there is no change in the
relative density as the electric field strength was increases while the one experiment
had an initial decrease. The conclusion stands that at low fields, the density either
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shows no trend or remains unchanged as the applied field increases. For grain size, the
conclusion still stands that the electric field produces either no change or a slight
increase in final grain size. More experiments should be completed at higher applied
fields to determine if that slight increase continues or if there truly is no change.

Figure 20. Comparing the average relative densities (a) and average grain size (b) for the
modified flash experiments using two different sample thicknesses.
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Figure 21. SEM images comparing the final grain size from two different sample
thicknesses. The thinner samples are shown in (a) and (b). Both (a) and (c) had no field
applied during sintering while (b) and (d) had approximately 5 V/cm applied.

Using the modified flash experimental procedure, another experiment was run using
powder two and a sample thickness of 2.83 ± 0.01 mm at the maximum applied field of
the system, 112 V/cm. The relative final density was 94.40 ± 0.46% while the final grain
size was 2.15 ± 0.32 μm. The relative density and grain size falls in line with the values
from the lower fields, shown in Figure 22. At this high field strength, the spark event is
expected to have occurred and the switch from voltage to current control was seen.
However, it is difficult to know exactly when during the process the flash event took
place since the current experimental setup does not allow for measurements during the
sintering process. The flash event is not expected to affect the final density. However,
both yttria33 and ZnO37 saw a rapid increase in grain size after the flash event. As can be
seen in Figure 23, there was no rapid increase in grain growth at the maximum applied
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field. According to Schmerbauch et al., if the specimen temperature is not high enough
relative to the furnace temperature, the large increase in grain growth would not be
seen37. Therefore, one explanation for the absence of the increase in grain size is that
there is not a large enough temperature difference between the sample and the furnace.

Figure 22. The average final relative density and the average final grain size
measurements from the modified flash sintering experiments including the sample ran
under the maximum field. The green body samples had relative densities of 50.63 ±
0.86%.

Figure 23. SEM images of modified flash experiments with (a) 5.03 V/cm and (b) 112.37
V/cm applied.
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CHAPTER 4.

CONCLUSIONS AND FUTURE WORK

4.1

Conclusions

In the modified SPS experiments, there was no change in final density or final grain size
as the strength of the applied field was increased from 0 V/cm to 5.26 ± 0.19 V/cm. The
low strength fields applied during SPS do not have an effect on the final density or final
grain sizes. The benefits of SPS, enhanced densification and reduction of grain growth,
must stem from the application of pressure and the high heating rates or some
combination of the applied pressure, high heating rates, and the electric field.

With the modified flash experiments, two out of three experiments showed that there is
no change in the relative density as the electric field strength increased while one
experiment showed an initial decrease in the relative density. The conclusion stands
that at low fields, the density either shows no trend or remains unchanged as the
applied field increases. For grain size, it was concluded that the electric field produces
either no change or a slight increase in final grain size. When samples were run at the
maximum applied field, there was still no change in final density or final grain size.
Therefore, it is probably a good assumption that an electric field does not affect the final
density or the final grain size in these experiments.

It seems that at any field strength, the presence of an electric field does not affect the
final density values. Taking into account the current published literature, the field does
have an effect on how and when the sample reaches that final density and final grain
size values. As the strength of the field increases, the samples should reach the final
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density faster, but this would not be reflected in the final density values. The grain size
at low fields are not expected to change with applied field, but it is expected to increase
dramatically if the flash event were to occur. However, Schmerbauch et al. hypothesize
that when the large increase in grain size is not seen, the specimen did not reach a high
enough temperature relative to the furnace temperature37.

4.2

Future Work

There are a few experiments that could be run with the current setup in order to narrow
down these conclusions. First, more samples need to be sintered at higher voltages.
Once a larger range is complete, whether the grain size is actually increasing or if it is
staying the same will be able to be determined. It should be seen that the grain size
does not change as the field strength increases. Secondly, the first set of modified flash
experiments need to be redone to see if that initial decrease still occurs. This, along with
samples run at higher voltages, will help decide if there is not a trend or if there is no
change in final density as field strength increases. Finally, it is clear that the sintering
process is what is most important in these type of experiments. With the current setup,
samples could be cooled down at various time points throughout the sintering process.
This would help determine how the density and grain size changes over time and
therefore prove or disprove that the electric field affects when the final density and final
grain size values are reached during the sintering process.

The foolproof method to monitor the sintering process would be to upgrade the current
setup. Measuring the linear shrinkage during the sintering process is key to determining
how the electric field affects the process. This would easily determine when the final
density values have been achieved. However, if the grain size was to be investigated, the
sintering process would still need to be stopped at various time points. It would also be
ideal to include a method to measure the temperature of the sample. This would help
explain why there is not an increase in grain size after the flash event. Also, new heating
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elements need to be installed. A variety of ceramic materials need to be analyzed to
determine what effects an electric field has on sintering, and this is not possible with the
current temperature limits. However, if it is decided to just focus on flash sintering,
higher temperatures would not be needed since densification occurs at much lower
temperatures for flash sintering when compared to conventional sintering.

More work is still needed to determine the specific effects of an electric field on the
sintering of ceramic materials. One set of experiments that could easily be completed
would be reactivity studies. These would be similar to those performed under SPS
conditions except at higher fields where the flash event would be expected to occur.
While the applied fields would be large enough for electromigration to have an effect on
product layer formation, the sintering time might be too short for the effects to be seen.
If a combination of materials which undergo a chemical reaction shows a dependence
on the direction of the electric field, electromigration could have a larger role in flash
sintering than in SPS.
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